We focus on the fabrication and study of controllable holographic gratings based on azo-dye-doped and undoped polymer-ball-type polymer-dispersed liquid-crystal films. Experimental results indicate that the next step of photopolymerization of the sample with the illumination of Ar ϩ laser beams after UV curing causes a latent density grating to be recorded. This grating is formed by a selective secondary photopolymerization. Heating and applying a voltage change the structure of the liquid crystal and induce the appearance of the latent grating. Diffraction efficiencies versus temperature, voltage, and state of polarization are studied for both dye-doped and undoped cells and are found to be quite different. This discrepancy is attributable to the reorientation effect of liquid crystals through their interaction with the photo-induced adsorption of the doped dyes on the surface of polymer balls in the dye-doped cell.
Introduction
Holographic recording materials based on photopolymerizable systems have recently been extensively studied because of their potential applications that include optical interconnection, 1 optical data storage, 2 and holographic interferometry. 3 Holographic gratings in these materials can be formed rapidly in a simple single-step process. The feasibility of fabricating and applying electrically 4 -8 and optically 9 switchable holographic gratings has attracted much attention. Particularly, the use of films of polymerdispersed liquid-crystal ͑PDLC͒ materials has attracted interest. 4 -9 PDLCs have recently been extensively studied owing to their potential use in displays 10 and other applications 11 that involve the control of light. PDLCs can generally be divided into liquid-crystal ͑LC͒-droplet-type, and polymer-ball-type ͑PBT͒ PDLCs. The former 10 includes a polymer matrix of microsized LC droplets, and the latter 11 includes a LC matrix of polymer balls. Both types can be electrically switched from a light-scattering state ͑off ͒ to a transparent state ͑on͒. They differ primarily in the intrinsic memory ͑hysteresis͒ effect in the transmission-versus-applied-voltage curve. The memory effect is highly pronounced only in PBT-PDLC films. Thermally addressed displays have successfully been realized by use of this memory effect. 11 Sutherland et al., and other researchers, recently reported the fabrication of a grating that uses a LCpolymer dispersion material. 4 -8 The gratinghologram thus formed, although permanent, can be electrically switchable if the LC content exceeds a certain weight percentage. ͑For example, the LC content is Ͼ30 wt. % in Ref. 4͒ . These gratings can diffract because of the formation of a periodic distribution of polymer-rich and LC-rich regions, which follows from a sinusoidal interference light pattern. When a suitable external voltage was applied to these gratings, the LCs became reoriented, causing matching of the refractive index of the polymer and the LCs. As a result, the diffraction intensity declined abruptly. This study develops an alternative controllable holographic grating based on azo-dye-doped and undoped PBT-PDLC films. Experimental results indicate that the next step of photopolymerization of the sample with the illumination of Ar ϩ laser beams after UV curing causes a latent density grat-ing to be recorded. This grating is formed by a selective secondary photopolymerization. The latent grating appears when the indices of the LCs and the polymer are matched by heat or application of a voltage. Diffraction efficiencies versus temperature, the state of polarization, and the voltage were examined for doped and undoped cells. The dye-doped grating was found to differ considerably from the undoped one. This discrepancy is ascribed primarily to the reorientation effect of LCs through their interaction with the photo-induced adsorption of the doped dyes on the surface of polymer balls in the dye-doped cell. To our knowledge, this study reports on such unusual controllable gratings in the PDLC system for the first time.
Experimental
Two samples were fabricated-azo-dye-doped and undoped PBT-PDLC. The primary components of the two LC-polymer composite films, liquid crystals, monomers, the cross-linking agent, the coinitiator, and the photoinitiator were E7, Merk; di-pentaerythritol pentaacrylate ͑DPPA͒, Polysciences; 1-vinyl-2-pyrrolidinone ͑NVP͒, Aldrich; N-phenylglycine ͑NPG͒, Aldrich; and Rose Bengal ͑RB͒. The mixing proportions of the above components were 69 wt. % E7, 25 wt. % DPPA, 5 wt. % NVP, 0.5 wt. % NPG, and 0.7 wt. % RB. The doped azo dye ͑G206͒ was ϳ0.5 wt. %. RB served to form free radicals and then initiated the polymerization of DPPA and NVP in the presence of NPG, under illumination of the film by green-blue light.
The azo-dye-doped and undoped PDLC samples were fabricated as described below. The homogeneously mixed LC-polymer compounds were sandwiched between two indium tin oxide-coated glass slides, separated by a 38-m-thick plastic spacer to form a sample. The dye-undoped and doped PBT-PDLC samples were polymerized for ϳ2 and ϳ9 h by use of an UV light with an intensity of ϳ0.5 and 11 mW͞cm 2 , respectively, to generate strong-scattering PBT-PDLC films. Figure 1͑a͒ displays the setup for this experiment. The two s-polarized writing beams, E 1 and E 2 , derived from an Ar ϩ laser ͑ ϭ 514.5 nm͒, intersected at an angle, ϳ 1.4°. They were unfocused, and each beam had a diameter of ϳ3.5 mm and an intensity of ϳ2.2 W͞cm 2 . An intensity interference pattern was created in the intersection region because the beams were coherent. Following irradiation for ϳ120 s, gratings in both azo-dye-doped and undoped PDLC samples were formed. They are referred to as the doped and undoped gratings, respectively. They were then placed separately in a temperature chamber to undergo thermal switching, as shown in Fig.  1͑b͒ . In this setup, a linearly polarized He-Ne probe laser ͑ ϭ 632.8 nm͒ was normally incident on the writing region of the samples. A photodiode was used to detect one of the first-order diffraction beams of the probe laser.
Results and Discussion
Figure 2͑a͒ plots the variations in the first-order diffraction intensities with temperature for the s-and p-polarized probe beams for the undoped grating. The result shows that the sample diffracts negligibly at temperatures below 36°C. At higher temperatures, it diffracts strongly. Also, the first-order diffraction intensities for the s-and p-polarized probe beams are approximately equal. The grating is therefore independent of the polarization of the probe beam. We can infer that such a thermally switchable grating effect is attributed to the formation of a density grating by the secondary photopolymerization of monomers remaining in the PBT-PDLC system. The two writing beams, E 1 and E 2 , establish a sinusoidal interference light pattern. A spatial monomer concentration pattern occurs across the films, as the secondary polymerization is preferentially initiated in the high-intensity regions. Consequently, monomer molecules diffuse toward the high-intensity regions. To confirm secondary polymerization in the high-intensity regions, we then examined grating morphology in both the high-and the low-intensity regions using a scanning electron microscopy ͑SEM͒. The preparation of SEM samples was reported in Ref. 12 . Figures 3͑a͒ and 3͑b͒ are the top-view SEM images of the polymer-ball morphologies in the high-and low-intensity regions, re- spectively. It is clear to see that the density of the polymer balls formed in the high-intensity regions is much denser than that of the polymer balls in the low-intensity regions. It indicates that the secondary photopolymerization with the consumption of the remaining monomers happens in the high-intensity regions. The molecular weight of polymers in the high-intensity regions thus exceeds that of polymers in the low-intensity regions. Therefore the intensity interference pattern produces a refractive-index grating, called a density grating, that corresponds to the spatially varying molecular weight of the polymer molecules. The density grating thus formed is hidden in the light-scattering PBT-PDLC sample at room temperature. When the temperature exceeds the clearing temperature ͑ϳ36°C͒, the LCs become isotropic, and the density grating appears. Accordingly, the first-order diffraction intensity markedly increases above the clearing temperature. The thermally switchable grating effect is reversible if the sample is cooled to ϳ27°C. ͑The data are not shown.͒ Notably, the clearing temperature ͑ϳ36°C͒ is much lower than the nematic-isotropic transition temperature for pure E7 ͑ϳ60°C͒. The significant reduction of the clearing temperature possibly follows from the fact that some impurities, including RB and NPG, and some monomers are still dissolved in the LCs. 13 Results similar to those of Fig. 2͑a͒ can also be obtained with p-polarized pump beams.
The density grating also appears when the LC molecules are electrically well aligned. The switching field is ϳ2.3 V͞m at room temperature. The electrically switchable characteristics are similar to those depicted in Fig. 2͑a͒ .
A thermal-switching experiment ͓Fig. 1͑b͔͒ was also performed on the azo-dye-doped PBT-PDLC grating to elucidate the dye-doping effect. Figure  2͑b͒ shows the results. The first-order diffraction intensities for the s-and p-polarized probe beams at temperatures above 35°C in Fig. 2͑b͒ are similar to those in the undoped grating at temperatures above 36°C ͓Fig. 2͑a͔͒. In other words, the grating diffracts abruptly above 35°C, independently of the polarization of the probe beam. Accordingly, we propose that the diffraction of the doped grating at temperatures above 35°C in Fig. 2͑b͒ is also due to a density grating.
However, when the temperature is below ϳ35°C, the variations of the first-order diffraction intensities with temperature obtained for the s-and p-polarized probe beams for the doped grating are rather different from those for the undoped one. The diffraction of the doped grating depends on the polarization of the probe beam below ϳ35°C, especially at temper- Fig. 2 . Variations of the first-order diffraction intensities with temperature for the s-and p-polarized probe beams for an azo-dye͑a͒ undoped and ͑b͒ doped PBT-PDLC grating. atures near 27°C. Figure 4 shows the polarization dependence of the doped grating at 27°C. The zeroth-and first-order diffraction efficiencies at 27°C were also measured for various polarizations of the probe beam to obtain an understanding of this polarization-dependent diffraction. Let be the polarization angle between the polarization of the probe beam and the direction of the stripes in the grating. The first-and zeroth-order diffractions peak at 0°and 180°and vanish at 90°, corresponding to the s-and p-polarized directions of the probe beam, respectively. The transmission ͑zeroth-order͒ of an unpumped sample is zero ͑the result is not shown͒. The zeroth-order diffraction therefore is ascribed to the transmission of the high-intensity regions of the interference region. The resultsthat both the zeroth-and first-order diffraction efficiencies of the s-polarized pumped grating change periodically with the angle -are believed to be caused by the adsorbed dyes in the high-intensity regions of the interference pattern that is set up by the two writing beams. 14, 15 Briefly, the photo-excited dyes in these regions diffused and then adsorbed in a direction perpendicular to the polarization and the propagation directions of the pump beam ͑s-polarized͒. The adsorbed dyes then reoriented LC molecules. As a result, the s-polarized ͑p-polarized͒ probe beam sees the ordinary refractive index, n o ͑the extraordinary index, n e ,͒, of the liquid crystal, which matches ͑mismatches͒ the index of the polymer, n p . This analysis indicates that the sample in the highintensity regions is partially transparent for the s-polarized probe but opaque ͑scattering state͒ for the p-polarized probe beam if the grating is written by use of s-polarized pump beams. This was experimentally verified with the use of a single Ar ϩ laser beam to pump the sample. 15 The low-intensity regions of the light interference pattern, however, are opaque to both the s-and the p-polarized probe beams. Thus the sample is a amplitude grating only for an s-polarized probe beam. The features of the doped grating shown in Figs. 2͑b͒ and 4 are thus reasonable. As shown in Fig. 2͑b͒ , the doped grating is a polarization-dependent switchable grating and a polarization-independent one at temperatures below and above the clearing temperature, ͑ϳ35°C͒, respectively. The grating is differs markedly from the undoped grating ͓Fig. 2͑a͔͒. The doped grating can also be switched electrically ͑ϳ2.5 V͞m͒.
Conclusion
In conclusion, this paper describes the fabrication and study of controllable holographic gratings, based on the azo-dye-doped and undoped polymer-ball-type PDLC films. The next step of photopolymerization of the sample with the illumination of Ar ϩ laser beams after UV curing is demonstrated to generate a latent density grating. Such a grating is formed by selective secondary photopolymerization. Matching the indices of LCs and the polymer by heat or application of a voltage can reveal the density grating. Variations of diffraction efficiencies with temperature, voltage, and state of polarization for dye-doped and undoped cells are measured. Experimental results indicate that the dye-doped grating differs considerably from the undoped one because of the reorientation effect of LCs through their interaction with the photo-induced adsorption of the doped dyes on the surface of polymer balls in the dye-doped cell. Measurement of long-term reliability indicates that these gratings do not significantly age for at least one year and that therefore they have possible practical uses. Fig. 4 . Variations of the first-and the zeroth-order diffraction intensities of the probe beam for a doped PBT-PDLC grating at ϳ27°C with respect to the polarization angle made between the polarization of the probe beam and the direction of the stripes in the grating. The grating was written by use of two s-polarized pump beams.
